This work describes a biofabrication process for gold nanoparticles in which the plant extract (Bupleurum falcatum) is used as a reducing agent to convert gold ions to gold nanoparticles. Biofabricated gold nanoparticles with spherical shapes were observed with an average diameter of 10.5 ± 2.3 nm. The color of the gold nanoparticles was purple, with a surface plasmon resonance peak at 542 nm. The face-centered cubic structure of crystalline gold was confirmed by highresolution X-ray diffraction patterns. The biofabricated gold nanoparticles demonstrated excellent catalytic activity towards the 4-nitrophenol reduction reaction. The current report suggests that plant extracts are valuable natural sources for the biofabrication of gold nanoparticles with excellent catalytic activities.
Bupleurum falcatum (Umbelliferae) has been used in traditional medicine for centuries as an effective treatment for symptoms of hepatic diseases [1] . Bioactive compounds separated and characterized from its roots include triterpenoid glycosides, phenethyl alcohol glycosides, isopentenol glycosides, polysaccharides and flavonoid glycosides [2] [3] [4] [5] [6] [7] [8] . Previous reports have demonstrated that saikosaponins, a type of triterpenoid glycoside, exhibit significant pharmacological activities [9] [10] [11] .
Due to the increasing importance of nanotechnology, the synthesis and fabrication of nanomaterials represent a significant area of research for the application of novel nanomaterials in diverse research fields. Metallic nanoparticles (NPs) possess unique properties that make them attractive for widespread use as drug delivery vehicles, biosensors, antimicrobial agents, imaging agents, and catalysts. Among metallic NPs, gold NPs (AuNPs) have been used in pharmaceutical, biomedical and industrial applications [12] [13] [14] . Currently, the biofabrication of AuNPs using plant extracts provides eco-friendly and green-synthetic routes that increase the biocompatibility of the resulting AuNPs when compared with the common chemical methods [15] . Plant extracts contain diverse phytochemicals that can reduce Au ions to AuNPs and, in certain cases, can cover the surface of the AuNPs, thus acting as a capping agent to provide colloidal stability. Although saikosaponins, the major constituents of B. falcatum roots, are hemolytic and cause toxicity to the liver [16] , the use of B. falcatum root extracts is advantageous for the biofabrication process of AuNPs. The reaction process is facile and cost-effective and can be scaled up. Furthermore, the fungus Fusarium oxysporum and yeasts Candida glabrata and Schizosaccharomyces pombe were also utilized as a green factory for synthesis of CdS NPs [17] [18] [19] .
In the current report, B. falcatum extract was used as a reducing agent to biofabricate AuNPs. The newly biofabricated AuNPs were characterized using UV-visible spectrophotometry, high-resolution X-ray diffraction (HR-XRD), atomic force microscopy (AFM), high-resolution transmission electron microscopy (HR-TEM) and inductively-coupled plasma mass spectrometry (ICP-MS). Additionally, the catalytic activity of the AuNPs was assessed with respect to 4-nitrophenol (4-NP) reduction to 4-aminophenol (4-AP) in the presence of sodium borohydride.
The biofabrication process was qualitatively monitored using UV-visible spectrophotometry ( Figure 1A) . To obtain the optimal reaction conditions, two variables were changed, i.e., the gold (III) chloride trihydrate concentration and the extract concentration. For each reaction condition, UV-visible spectra were recorded, and the reaction condition with the maximum absorbance was selected as optimal. Prior to incubation, the reaction mixture of Au ions and the extract did not show any surface plasmon resonance (SPR) peaks. The color change from pale yellow to purple observed after oven incubation confirmed that the Au ions were reduced to AuNPs ( Figure 1A , digital photograph). The color change was attributed to the collective oscillation of the conduction electrons when the frequency of the incident radiation matched the oscillation frequency of the conduction electrons on the AuNPs. Based on these results, the biofabrication of AuNPs using the extract was successful, as evidenced by an SPR peak at 542 nm ( Figure 1A ). The reaction yield was measured by ICP-MS, and the concentrations (ppb) of both the unreacted Au in the supernatant after ultracentrifugation and the total Au used in the biofabrication process were analyzed. The reaction yield was 99.1%, suggesting that the current reaction conditions were optimal. The HR-XRD pattern confirmed the face-centered cubic structure of metallic Au, in which strong diffraction peaks appeared at 2θ values of 38.28°, 44.74°, 64.72° and 77.78° ( Figure 1B) ; these peaks correspond to the (111), (200), (220) and (311) crystallographic planes of metallic Au, respectively. The (111) peak was the strongest, indicating that this plane was predominant. Using the Scherrer equation, the particle size of the AuNPs was estimated from the (111) peak as 13.86 nm.
The HR-TEM images provided visual evidence supporting a successful biofabrication of AuNPs (Figure 2 A-B ). Primarily spherical AuNPs were formed with an average diameter of 10.5 ± 2.3 nm, as determined using 117 AuNPs randomly selected from the HR-TEM images. The average diameter determined from the HR-TEM images differed slightly from the particle size estimated by HR-XRD (13.86 nm). The size histogram exhibited a Gaussian distribution ( Figure 2C ). The most abundant size was in the range of 10-12 nm (28.2%), followed by 12-14 nm (26.5%) and 8-10 nm (25.6%). The observation of a thin organic layer on the AuNPs indicates that the B. falcatum extract also acted as a capping agent to provide colloidal stability for the AuNPs (Figure 2A, red arrows) . The AFM images further confirm the successful biofabrication of spherical-shaped AuNPs ( Figure 2D -F).
One of the major applications of AuNPs is to catalyze the degradation of hazardous chemicals in the environment, such as 4-NP. AuNPs serve as good catalysts for the reduction of 4-NP to 4-AP in the presence of sodium borohydride [20] [21] [22] [23] [24] . Thus, the reduction reaction of 4-NP was selected as a model reaction to assess the catalytic activity of the AuNPs. The AuNPs have a high surface-area-to-volume ratio, which provides a large surface area for contacting with 4-NP to enhance the reduction reaction. The reduction of 4-NP with the AuNPs catalyst in the presence of sodium borohydride is depicted in Figure 3A . The formation of 4-nitrophenolate anions in the presence of sodium borohydride produced a yellow color, with UV absorbance at 400 nm. Without the addition of AuNPs, the reduction reaction did not proceed, and the absorbance at 400 nm remained constant (data not shown). Upon the addition of AuNPs, the absorbance at 400 nm began to decrease while the absorbance at 300 nm simultaneously increased, indicating the formation of 4-AP. The relationship between ln(C t /C 0 ) and time (min) was linear, where C t is the 4-NP concentration at time t and C 0 is the 4-NP concentration at time 0 ( Figure 3B) . Compared with the 4-NP concentration, a 100-fold excess concentration of sodium borohydride was used, ensuring that the reaction followed pseudo-first-order reaction kinetics. The rate constant in the current reaction condition was measured as 0.82×10 -3 s -1 . Specifically, the catalytic activity of cetyltrimethylammonium bromide (CTAB)-stabilized AuNPs in the size range of 3.5~56 nm was reported by Fenger and co-workers [24] , who concluded that ~13-nm CTAB-stabilized AuNPs possessed the highest catalytic activity toward 4-NP reduction. Under the current reaction conditions, 13.86 nm (from HR-XRD) or 10.5 ± 2.3 nm (from HR-TEM) AuNPs were biofabricated, which is the optimal size for catalytic activity based on this previous report. 
Experimental

Materials and instruments:
Preparation of B. falcatum extract and biofabrication of AuNPs:
A methanol extract was prepared according to a previous report [25] and was suspended in deionized water via sonication. The supernatant after centrifugation (3000 rpm, 30 min, 18°C, Combi-514R, Hanil Scientific Industrial, Incheon, Republic of Korea) was pooled and filtered using filter paper followed by a syringe filter (0.2 μm). The filtrate was then collected and freeze-dried. The freeze-dried material was labeled as B. falcatum extract and was used for the biofabrication of AuNPs as follows. The biofabrication of AuNPs was performed in a volume of 1 mL in an 80°C oven for 2 h. The reaction mixture consisted of gold (III) chloride trihydrate (final concentration of 0.4 mM) and B. falcatum extract (final concentration of 0.03%).
Catalytic activity of biofabricated AuNPs towards 4-NP reduction reaction:
The catalytic reduction reaction of 4-NP to 4-AP was performed at ambient temperature in a 4-mL volume. The 4-NP solution (final concentration of 0.07 mM) was mixed with deionized water, and freshly prepared sodium borohydride (final concentration of 7.0 mM) was added. To this reaction mixture, 1 mL of biofabricated AuNPs was added, with a final volume of 4 mL. UVvisible spectra were acquired in the range of 200 nm to 500 nm.
